Abstract A retrospective clinicalradiological study to evaluate the long-term outcome after artificial disc replacement was performed. The objective is to investigate longterm results after implantation of a modular type artificial disc prosthesis in patients with degenerative disc disease (DDD). Total disc replacement (TDR) is a surgical procedure intended to save segmental spinal function, and thus replace spondylodesis. Short-term results are promising, whereas long-term results are scarce. The Charite´TDR is the oldest existing implant, therefore, the longest possible follow-up is presented here. Seventy-one patients were treated with 84 Charite´TDRs types I-III. Indication for TDR was moderate to severe DDD. Fiftythree patients (63 TDRs) were available for long-term follow-up of 17 years. Evaluation included Oswestry disability index, visual analog scale, overall outcome score, plain and extension/flexion radiographs. Implantation of Charite´TDR resulted in a 60% rate of spontaneous ankylosis after 17 years. No significant difference between the three types of prostheses was found concerning clinical outcome. Reoperation was necessary in 11% of patients. Although no adjacent segment degeneration was observed in the functional implants (17%), these patients were significantly less satisfied than those with spontaneous ankylosis. TDR, nowadays, is an approved procedure. Proof that long-term results of TDR implantation in DDD are at least as good as fusion results is still missing.
Patients and methods

Patients
Between 1984 and 1989 71 consecutive patients were treated surgically using 84 Charite´total disc prostheses.
After an average follow-up of 17.3 years (14. (Table 1) . In all 53 patients, indication for surgery was a mono-or bisegmental DDD of the lumbar spine with moderate to severe osteochondrosis of the treated segments. Eight patients had had previous disc surgery and three patients suffered from additional spondylolisthesis grade I according to Meyerding [35] .
Implants
While type I and II Charite´total disc prostheses were manufactured in the former German Democratic Republic (GDR) and never commercially available, type III is still in use, and in the meantime distributed by Johnson and Johnson.
Type I
Type I Charite´total disc prostheses consisted of two highly polished metal endplates and an ultra high molecular weight polyethylene (UHMWPE) sliding core articulating between these endplates. The endplates of this type were 1 mm thick, had 5 respectively later 11 teeth for bony anchorage and were made of URX2CrNiMoN 18.12 steel. The sliding core was manufactured from Chirulen UHMWPE [30] .
Type II
Type II Charite´total disc prostheses also consisted of two highly polished metal endplates and an UHMWPE sliding core. The endplates were made of stainless steel. In contrast to type I, endplates were enlarged resulting in bilateral wings with three anterior and two posterior anchoring teeth [30] .
Type III
Type III Charite´total disc prostheses followed the same technical principle as types I and II. The endplates were changed to cast CoCrMo alloy with three anterior and three posterior anchoring teeth. During the study period only three endplate sizes either in parallel or 5°angulation were available [30] . A porous coating of the endplates consisting of titanium and calcium phosphate was introduced later on to promote osteointegration, but was not available at the time of surgery of the reported patients.
Surgical technique
All operations were performed by senior spine surgeons experienced with the anterior approach including the designers of the prosthesis. Under protection of the great abdominal vessels, the intervertebral disc space was exposed using a pararectal extraperitoneal approach. The anterior longitudinal ligament was incised and the degenerated disc tissue was removed after radiological verification of the correct level. The size for each part of the prosthesis was measured, and after preparation of the endplates the artificial disc replacement was implanted. The anterior longitudinal ligament was then thoroughly sutured and afterwards the wound closure was performed in layers.
Postoperative treatment A 24-h postoperative observation of neurologic function and airway control in the intensive care unit was standard in the Charite´hospital at the time of primary surgery. Intravenous antibiotics were regularly given intraoperatively and for 3 days after surgery. Oral diet was usually started on the third postoperative day. Trunk immobilization was not necessary. Sitting, bending, and heavy lifting were prohibited for 8 weeks.
Outcome measurement
Clinical parameters
Clinical examination was performed at follow-up. Evaluation included the German version of the Oswestry disability index (ODI) [19] . Additionally, the entire quantity of pain was evaluated according to Chapman [10] . Pain measurement was assessed with a 10-point visual analog scale (VAS) with endpoint anchors of ''no pain'' (0 points) and ''severe pain'' (10 points). The subjective perception of overall outcome with the procedure was graded by the patients at follow-up as excellent, good, fair, or poor according to Odom's criteria [37] . The four criteria were graded 1 (excellent) to 4 (poor) to show a grade point average for each type of prosthesis.
Radiological parameters
Radiographic evaluation including plain X-rays (anterior-posterior and lateral) and flexion/extension views of the lumbar spine was performed. Operated levels were evaluated on X-rays with regard to functional, implantrelated, and degenerative parameters. The amount of segmental mobility was determined on flexion/extension films in degrees and defined as the angle between the posterior wall of the upper and lower vertebra of the operated motion segments [23] . A segmental mobility of 3°or less was graded as fused. A segmental mobility of more than 3°was graded as mobile. Heterotopic ossification, respectively fusion at the operated level was assessed according to the classification of McAfee [33] . Implant failure was recorded and divided into fracture, dislocation, and subsidence. Additionally, adjacent segments were evaluated to determine any progression of disc degeneration in comparison to preexisting X-rays. Therefore, disc space height was measured according to Pope [40] , and dynamic translation was evaluated according to Boden [6] . Statistical analysis
Comparison of data was performed using Mann-Whitney U test and Wilcoxon rank sum test. Statistical significant differences were defined at a 95% confidence level. The values are given as mean ± standard deviation; SPSS (release 10.0 SPSS Inc. Chicago, IL, USA) software supported statistical evaluation. 
Results
Clinical results
There was no statistical significant difference between the three types of Charite´TDR regarding baseline demographic parameters such as patient age and gender, follow-up period, number of implanted TDRs, and operated levels (Table 1) . Clinical evaluation at follow-up showed no significant difference of the ODI and the VAS between the different types of Charite´artificial discs (Table 2) . Additionally, overall outcome of the patients in relation to the type of prosthesis showed no significant differences either (Table 3 ).
In summary, there was no significant difference between the three types of Charite´TDR for all clinical parameters.
Radiological results
Out of the 53 patients available for long-term follow-up 12 (23%) had a segmental fusion during follow-up due to implant failure or pain (Table 4) . Seven (13%) of these 12 were results of implant fractures (Fig. 1) .
Five (9%) had to undergo secondary operative instrumented spondylodesis. The indications for secondary fusion operations were implant fracture (n=1), implant subsidence (n=2), implant dislocation (n=1), and persisting pain due to progressive degeneration (n=1) (Fig. 2) .
Out of the remaining 41 (77%), 9 patients (17%) showed no signs of heterotopic ossification or ankylosis (Fig. 3) .
Two (4%) out of these nine patients had no radiological signs of segmental motion impairment representing McAfee types 0 and I (Table 5 ). Seven (13%) patients showed signs of possible or likely motion impairment graded as types II and III according to McAfee. The other 32 (60%) patients had definitive signs of ankylosis and were graded as type IV according to McAfee (Table 5 ). In these 32 cases no radiological distinguishable reason for the ossifications resulting in spontaneous ankylosis was found (Figs. 4, 5) .
The evaluation of adjacent segments, as described above, showed nine (17%) cases with significant degenerative changes (Fig. 6) .
Adjacent segment alterations were found only in cases where spontaneous ankylosis of the treated segments, spondylodesis, or fusion after implant failure occurred. In the nine cases without signs of ankylosis, spondylodesis, or implant failure (as mentioned above) no signs of adjacent segment degeneration were found. The different types of prostheses did not influence this parameter nor did the kind of fusion (spondylodesis vs ankylosis) as shown in Table 6 .
Correlation of clinical parameters and radiological results
As Table 7 shows, the subjective clinical parameters (ODI, VAS, and Odom's criteria) do not correlate with the functional status of the treated segments as evaluated radiologically.
Discussion
For more than 20 years TDRs have been implanted by spine surgeons. Short-and mid-term results after TDR of different study groups have shown promising results [3, 7, 11-13, 17, 20, 22, 32, 34, 45, 46, 48] . However, long-term results with a follow-up of up to 13 years published by van Ooij as well as a review of literature were less favorable [25, 39] . Therefore, the purpose of this retrospective study was to analyze the clinical and radiological long-term results of the Charite´TDR in the surgical treatment of patients with DDD of the lumbar spine. Due to the fact, that the first TDRs ever implanted are part of this study, the presented data represent the longest currently possible follow-up of the Charite´TDR.
In summary, this long-term follow-up study demonstrates dissatisfying results after artificial disc replacement in the majority of the evaluated cases concerning clinical as well as radiological outcome. The large percentage (83%) of radiologically confirmed fusions of the treated segments shows that the Charite´artificial disc replacement cannot guarantee long-term near to normal function of the spinal motion segment in patients with moderate to severe DDD.
Multiple causes for the high rate of spontaneous fusions have to be taken into consideration. Whereas the anterior approach is carried out in the same way nowadays as during the time of these reported operations, the preservation of the anterior longitudinal ligament performed during that time, nowadays is known to be a trigger for unwanted ossifications [36] .
The reparative processes, which are induced by the incision of the anterior longitudinal ligament, have not been examined in detail so far, but might also have contributed to the high rate of unintended segmental fusions [31] .
Additionally, for a correct implantation of artificial disc prostheses a nearly complete removal of the remaining disc tissue is mandatory [5, 8, 12, 21] . This process implies the decortication of the vertebral endplates. Consecutively, osteoinductive substances are regularly released into the disc space due to the interruption of the integrity of the bone-cartilage border [1] . In operative spondylodesis, this effect is intended to enhance and promote the osseous consolidation; however, it is unintended in TDR. This undesired process might also have contributed to the high rate of spondylodesis. Finally, since all of the reported patients suffered preoperatively from moderate to severe DDD, a progression of these processes after surgery can be assumed. This may be another cause of ongoing ossification as a result of degenerative changes of segment-related tissue such as bone and ligaments.
This study included patients who were treated with three different types of the Charite´artificial disc prostheses. The history of the development of this first TDR device was previously described in detail by Link [30] . The major changes from the first prototype to the currently commercially available Charite´artificial disc replacement are summarized in the material section of this study. While the first implant was given up due to an insufficient bone implant contact area, the second was replaced because of a high rate of fractures in the wing area of the endplate. However, the third implant-the Charite´III TDR-is still in use today with only minor changes. Although the basic principle based on the ''low-friction'' concept known from endoprosthetic joint replacements remained the same throughout the years, these three different TDR types demonstrated considerable differences regarding design, material combination, endplate geometry, endplate thickness, and size. However, interestingly, there was no significant difference in the clinical or radiographical long-term outcome between these three different TDR types. This is especially surprising, because the first two implant types were given up due to obvious design problems, which leads to the conclusion that even considerable design modifications of this TDR do not seem to have a significant input on the overall clinical and radiological long-term results.
All TDRs are promoted with the theoretical advantage to prevent an adjacent level degeneration. In fact, none of the few (n=9; 17%) functional TDRs evaluated in this study, showed significant adjacent level degeneration. However, the overall percentage of adjacent segment degeneration (17%) after implantation of a TDR was comparable to results of follow-up studies concerning adjacent segment degeneration after fusion surgery [2, 16, 18, 24, 26, 28, 41] . For example, the studies of Etebar and Kumar demonstrated 4 and 30 years after surgery a rate of adjacent segment degeneration of 14.4 and 14.2%, respectively. Due to the high rate of spontaneously ankylosed segments in this study, the high percentage of adjacent segment degenerations shown is not very astonishing.
Further, it is demonstrated in this study that the patients with preserved segmental mobility after an average follow-up of 17 years, were significantly less satisfied with the long-term outcome of the surgery than patients with spontaneous ankylosis or fused motion segments after implant failure. Due to the fact that in these cases no adjacent segment degeneration was evident, the clinical problem must be located in the operated motion segment itself. For the successful treatment of DDD with a TDR implant, anatomical reposition of the complete motion segment is as important as in fusion surgery [8] . However, even with an ideal implantation technique the Charite´TDR can only achieve the repositioning of the anterior column, while the degenerative disorders of the posterior elements are not addressed. Furthermore, it can be assumed that the occurrence of anterior and posterior degenerative changes of the lumbar motion segments is closely related to each other [9, 38, 43] . It has been postulated by Dunlop that in cases of moderate to severe DDD facet joint arthritis always can be found as accompanying degenerative alteration of the posterior spine elements [15] . Studies have further demonstrated that after implantation of a TDR, loads in the facet joints might increase 2.5-fold in comparison to the normal loading conditions [14, 29] . Therefore, preexisting changes in the posterior column might persist or even progress after TDR implantation resulting in deterioration of patients' low back pain (LBP) symptoms over the years. For example, an unintended slight hyperlordosis of the motion segment after TDR implantation might lead in the long run to LBP due to progressive facet joint degeneration, and leg pain due to narrowing of the intervertebral foramen with consecutive nerve root compression. This might explain why the spontaneously ankylosed motion segments did better at follow-up than the functional and mobile segments. To prevent these problems, an optimal implantation of the TDR is mandatory. Additionally, degenerative changes of the facet joints should be evaluated very carefully prior to the implantation of a disc prosthesis [3, 4] .
Conclusion
In summary, implantation of Charite´TDR resulted in a high rate (60%) of spontaneous ankylosis after an average follow-up of 17 years. There was no significant difference in the clinical outcome between the three types of prostheses. Although no adjacent segment degeneration was observed in the few functional implants (17%), these patients were significantly less satisfied with the long-term outcome of the surgery than the patients with spontaneously ankylosed motion segments or fusion after implant failure. Although the Charite´TDR nowadays is an approved implant, the evidence that long-term results of TDR implantation in DDD are as good as or even better than fusion results is still missing. 
